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論 文 内 容 要 旨          
After the community is struck by the earthquake, a large number of building structures will be damaged in different levels. 
During the consequent restoration and reconstruction, the post-earthquake decision-making requires an appropriate and 
practical residual seismic capacity evaluation of the damaged buildings.  
In Japan, a residual seismic capacity evaluation procedure has already been recommended by the Standard of Damage 
Evaluation of Seismic Damaged Buildings, which has been widely applied in the past earthquakes. In the procedure, the 
seismic capacity deterioration of the elements in different damage levels are considered by the seismic capacity reduction factor, 
η. Then the residual seismic capacity ratio of the structure, R, is calculated by weighted average of η of the elements, and the 
weighting coefficient of each element is considered to be the ultimate strength. That means in this standard method, 
performance deterioration of the damaged elements is simply considered as strength deterioration, and the contribution of each 
element to the structure is considered only by their strength.  
However, the deterioration due to damage is considered to occur in not only the strength but also the deformation and 
damping capacity of the elements. On the other hand, as the residual seismic capacity of the structure is originally considered 
from the residual internal work by the standard method, when R is calculated by the weighted average of η, the weighting 
coefficient should be considered from the energy dissipation of the elements. Obviously, the energy dissipation of the elements 
are decided by not only the strength but also the deformation and damping capacity. In the standard method, for the sake of 
simplicity, the influence of deformation and damping capacity, is ignored. Because of this, evaluation of the standard evaluation 
method may be inappropriate on the buildings composed of elements with different failure modes and having ambiguous 
collapse mechanism. 
Previous research has separately evaluated the deterioration of strength, deformation and damping capacity of the 
elements, based on which analytical model of the damaged elements as well as the damaged structures can be built and a 
detailed evaluation method based on pushover analysis has been proposed. However, so far the researches by using this 
evaluation method have been generally not aimed at the buildings composed of elements with different failure modes. 
 
The main objective of this research is to upgrade the residual seismic capacity evaluation method of the current standard 
for higher accuracy and wider range of application. The target buildings considered in this research is mainly the seismic 
damaged reinforced concrete (RC) buildings that collapse in total collapse mechanism, story collapse mechanism and partial 
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collapse mechanism, and composed by both of the elements with flexure and shear failure mode. That is, compared with the 
standard method, the upgraded methods proposed by this research is considered to be effective for a wider range of damaged 
building. 
Aimed at the target damaged buildings, two levels of method for the residual seismic capacity evaluation are proposed 
and investigated. The detailed seismic response spectrum based method by using pushover analysis is extended to take the 
shear elements into consideration, and the simplified internal work based method without need of numerical analysis is 
proposed for the structures composed of flexural and shear elements. The response spectrum based method is considered as a 
relatively accurate method giving the reference value of the residual seismic capacity ratio, R, which is defined as ratio of the 
seismic capacity indicator corresponding to the structures before and after damaged by an earthquake, and calculated according 
to the dominate failure mode of the structures composed of flexural and shear elements. On the other hand, the internal work 
based method is proposed aiming at the practical application in the post-earthquake field survey, which can overcome the 
limitations of standard method and give a more accurate estimation on the reference value of R. In this method, the residual 
seismic capacity ratio is defined as ratio of the structural internal work with and without seismic damage, and calculated by 
considering various deformation and different failure mode of the elements.  
Finally, the proposed residual seismic capacity evaluation methods, namely the detailed response spectrum based method 
and the simplified internal work based method, are applied on the real seismic damaged buildings to demonstrate their 
applicability. The selected objective buildings have different collapse mechanisms, and composed by both the elements with 
flexure and shear failure mode. The evaluation results of the proposed methods are compared with the current standard method. 
By taking the results of the response spectrum based method as the reference value of residual seismic capacity ratio, the 
proposed simplified method is demonstrated to be more effective than the standard method by taking the influence of 
deformation and damping capacity into consideration. 
Relationship between the previous researches and this research is shown in Fig. 1. 
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Fig. 1 Relationship between this research and the relevant previous researches  
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The thesis is organizes into five chapters with the following contents: 
 
Chapter 1: Introduction 
This chapter presented the background, objective and significant of this research. The necessity of post-earthquake 
residual seismic capacity evaluation was emphasized. Based on this, development of the residual seismic capacity evaluation 
methods in abroad and Japan was briefly reviewed, and the evaluation method adopted in the current damage evaluation 
standard of Japan was described. From experimental data of the RC column and the real damage state of the school building 
damaged in the Great East Japan Earthquake, the limitations exist in the current standard method were explained. Aiming at 
this problem, the research objective was presented as to develop residual seismic capacity evaluation method that is effective 
for the RC buildings composed of both flexural and shear elements. Then outline of the research approach, as well as 
organization of this thesis was introduced. Finally, some of the related previous researches are briefly reviewed. 
 
Chapter 2: Response spectrum based residual seismic capacity evaluation method 
The detailed evaluation method based on response spectrum is presented and investigated in Chapter 2. At first, the 
evaluation procedure for the structure only composed of flexural elements were described. In the next, this procedure was 
expanded to be applicable for the structures composed of both flexural and shear elements. Based on the SCIs at shear and 
flexural element ultimate point, the judgement index of structural dominant failure mode, Md, was defined and according to 
which the structures are judged to be dominant by flexural or shear failure mode. The structural residual seismic capacity ratios 
are then calculated according to dominant failure mode of the structures. The seismic performance reduction factors given by 
the previous research, which were utilized in the above procedures and also the following research in this thesis, were reviewed 
after that.  
Then as discussions on the characteristics of structural residual seismic capacity ratio, R, based on single degree of 
freedom (SDOF) system, influence of response spectrum characteristics and structure characteristics on R were investigated. It 
is found that effect of the deterioration in strength, deformation and damping capacity on R are influenced by the ground 
motion characteristics. At the same time, with the increase of earthquake intensity, R of structures with different characteristics 
decrease in different way.  
At last, evaluation results of the response spectrum based method were compared with the residual seismic capacity ratio 
evaluated by using nonlinear dynamic analysis, based on SDOF systems. In the results of dynamic analysis, significant 
dispersion was observed among different ground motions. On the other hand, results of the response spectrum based method 
were at the lower limits of the dynamic analysis results, regardless change of the SDOF systems. Also considering the difficulty 
of carrying out dynamic analysis on frame models including shear elements, in the following research based on frame models, 
evaluation results of the response spectrum based method were taken as the reference values of R. 
 
Chapter 3: Internal work based residual seismic capacity evaluation method 
As the final goal of this thesis, the simplified method based on internal work was proposed and verified in Chapter 3. At 
first, seismic capacity reduction factors of damaged structural elements were redefined based on hysteretic energy dissipation. 
In the next, correction factors of elements’ weighting coefficients were introduced in order to consider the influence from 
various element deformations (βL, βD) and different element failure modes (βS, βF). To judge the structural dominant failure 
mode without pushover analysis, the simplified method for estimating the judgement index, Md, was proposed. After failure 
mode and damage class of the elements, as well as collapse mechanism of the structures are determined in the post-earthquake 
investigation, based on some other information, the R can be calculated without pushover analysis by the internal work based 
method. 
Then estimation accuracy of the proposed internal work based method was verified by comparing its results with the 
reference values given by the response spectrum based method, as well as results of the current standard method. Based on 
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series of frame models composed only by flexural elements and the models composed by both flexural and shear elements, 
estimation accuracy of the internal work based method and effectiveness of the correction factors were verified. The current 
standard method may overestimate R due to ignoring the various element deformation, and may underestimate R due to 
ignoring the different element failure modes. Furthermore, the weighting coefficient of each elements in the internal work 
based method were shown to be considered more appropriately owing to the correction factors. 
 
Chapter 4: Application of residual seismic capacity evaluation methods on the real seismic damaged buildings 
In order to show the applicability of the proposed response spectrum based method and internal work based method on 
real seismic damaged buildings, as well as higher effectiveness of the internal work compared to the current standard method, 
the three evaluation methods here were applied on the real seismic damaged RC buildings. Three real RC building damaged in 
the Great East Japan Earthquake and one assumed seismic damaged building were investigated. Application procedures of the 
evaluation methods on real damaged buildings were described at first. Then the necessary structural and damage information of 
the target buildings were introduced.  
The low-rise building A with most of the elements failed in shear was judged to be typical shear dominant structure and its 
residual seismic capacity reduced significantly due to severe damage at the shear elements. On the other hand the middle-rise 
building B with less shear elements and global collapse mechanism was judged to be typical flexure dominant structure and it 
still kept high residual seismic capacity after some of the shear elements were severely damaged. In the case of building C, 
although the shear elements were not dominant in number, but due to the other factors such as short period and story collapse 
mechanism, the building was judged to be dominated by shear failure mode and close to the critical state of the dominant 
failure modes. Its residual seismic capacity reduced a lot due to severe damage in the shear elements. In the assumed building 
D, some of the shear elements of building C were replaced by flexural ones by assuming the slits functioned effectively. Owing 
to this the structural dominant failure mode changed from shear failure to flexure failure, and it is shown that the residual 
seismic capacity is possible to be significantly enhanced through the effective slits.  
Even though the target damaged buildings are different in dominant failure mode and collapse mechanism, in the 
proposed internal work based method, Md were estimated accurately and conservatively by the proposed simplified method. At 
the same time, R estimated by the internal work method also had higher accuracy than the current standard method. Estimation 
error of the current standard method becomes bigger when the flexure structures are close to the critical state of dominant 
failure modes. 
 
Chapter 5: Conclusion 
In this chapter, the conclusions found in Chapter 2, 3 and 4 were summarized, and the suggestion for future research was 
presented. In the verification of the response spectrum based method, multi degree of freedom (MDOF) and frame models 
composed of flexural and shear elements should also be included in the nonlinear dynamic analysis. Further works are also 
needed to take the safety limit related to axial collapse (the “second kind of structural elements”) into account. Furthermore, the 
proposed internal work based method based on various assumptions should be applied on more damaged buildings with 
diverse characteristics in order to further verify its effective and discuss about its range of application. 
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